A coupled dynamic model, which contains helical gears-shafts-bearings for a wind turbine gearbox transmission system, was built considering nonlinear factors of the time-varying mesh stiffness, the external varying load, and the dynamic transmission error at first. The model is confirmed to be right after comparing the theoretical data with the experimental load sharing values, and also it is found that the static load sharing is conservative to evaluate the non-equilibrium effect of a planetary gear system. Besides, the analyzing results of the influence of average error and amplitude error on the load sharing show that the load sharing could be decreased if the error goes up a little. Then, by means of treating the static tracing point as the dynamic initial values, we analyzed the initial position's influence on the load sharing of transmission system to provide a theoretical basis of load sharing control. Furthermore, we explored the influence of high-speed shaft position angle on the load sharing and the dynamic load factor of gears fixed on the parallel shafts. The results provide useful theoretical guidelines for the design of parallel shaft gear system in the wind turbines.
Introduction
Wind turbine gearbox (WTG) transmission systems, whose performance affects the whole function and life of wind power system directly, are mostly composed of planetary gear stages and parallel gear stages. In the WTG, several planet gears are applied to achieve the power split in the planetary gear stage and then increase the load-carrying capacity of the WTG. However, vibration, shock, and noise will occur in the system if the load distribution of each planetary gear is not balanced. More severely, the gearbox will fail to work if the load is mostly concentrated on one planetary gear. Therefore, it is very important to analyze the load sharing characteristics of the WTG to ensure its operating efficiency and reliability. And also, the analyzing results can provide a theoretical guideline for the design of the gear system in a wind turbine.
Many researches focused on the load sharing dynamics of the planetary transmission system. Hidaka et al. 1 are the pioneers in studying the dynamic characteristics of planetary transmission system. They established a large-scale experiment device and found the phenomenon that the load distribution between teeth is uneven. Kahraman and colleagues [2] [3] [4] established the static and dynamic model of a planetary transmission system by adopting the lumped mass method. He promoted static load sharing and dynamic load sharing to School of Mechanical Science and Engineering, Huazhong University of Science and Technology, Wuhan, China evaluate the equilibrium effect of the planetary system. And also he analyzed the influence of some components' manufacturing error and assembly error on the load sharing. Then, Singh et al. 5, 6 and Ligata et al. 7 found that the position error of planet was the key factor which affected load sharing through the theoretical and experimental analysis. And Singh 8, 9 promoted the mechanism of load sharing based on the influence of the planet tangential error. Gu and Velex 10 and Gill-Jeong and Parker 11 established a nonlinear dynamic model of a planetary system, and the effect of eccentric error on the load sharing had been analyzed. Iglesias et al. 12 investigated the effect of planet position error on the load sharing through a finite element (FE) model. The model results presented a high degree of consistency with the expected load sharing ratios and transmission error qualitative values and proved its potential to simulate the behavior of a planetary transmission under a wide range of parameters. Chaari et al. 13 compared the cases of a healthy planetary gear and one with the presence of eccentricity and profile error, and it is found that the presence of eccentricity or profile errors significantly alters the dynamic behavior. Tang et al. 14 investigated the function relation between the system errors and the planet gear load and analyzed the influence of planet position errors on the load sharing. These authors have done a lot of research on errors, but they did not discuss the effect of average error and amplitude error on load sharing.
Recently, many authors paid attention to the load sharing of a gearbox composing of both the planetary system and the parallel gear sets. An original hybrid FE/lumped parameter model of planetary/epicyclic gear sets had been set up by Abousleiman and Velex. 15 It has been found that ring-gear flexibility modifies static load distributions and critical tooth speeds on internal meshes. Based on the mesh stiffness model of the internal gear pair with tooth root crack, Chen and Shao 16 studied the influence of the crack on the dynamic responses of the planetary gear set, and the trajectories of sun gear center were compared under different crack degrees. Zhou 17 , Sun et al., 18 Bao and Zhu, 19 and Zhang 20 also studied the trajectory of sun gear center under static and dynamic situations. However, there are few people deeply studying how the load sharing varies when the initiative position of sun gear center changes in a WTG. Our research will complement the literature.
In general, the planetary and parallel shaft transmissions are integrated in a WTG. As a result, the multibody modeling techniques can be used to model this system. Given the increasing degree of complexity, Helsen et al. 21 classified the multi-body models into three types of models, namely, purely torsional models, 6-degree-of-freedom (DOF) rigid multi-body models with discrete flexibility, and full flexible multi-body models. And full flexible multi-body models were shown to be the most accurate after comparing the simulation results with the experimental data. In addition, plane modes, helical modes, and global modes were classified in full flexible multi-body models. Parker and his colleagues [22] [23] [24] compared a lumped parameter model and a FE model from the aspect of modal vibration. He found that the results of the lumped parameter model and the FE model are of no difference in the planetary system with three planet gears. Qin et al. 25 formulated a flexible multi-body dynamic model of a horizontal WTG composed of a planetary and a conventional parallel axis gear sets to study the system dynamic behavior within an integrated whole system. And they predicted the result of the dynamic transmission error to understand the overall dynamic behavior of the drive train system. Wei et al. 26 proposed a coupled model of the two planetary stages and a parallel stage of a WTG. With this model, they analyzed the effects of application factor and the dynamic load factor, and found that the dynamic load factor of parallel shaft is the biggest. Draca 27 established a FE model of two parallel-stage axis gear sets and analyzed the influence of position angle on transmission error. However, few people pay attention to the influence of high-speed shaft (HSS) gear position angle on the load sharing and the gear dynamic load factor within an integrated whole WTG system. HSS is an important part of transmission system, and the output performance of the system is determined by its dynamic characteristics. The research results of this article will fill in this gap.
The main purpose of this article is to analyze the dynamic load sharing characteristics of the WTG transmission system. A coupled dynamic model, which contains helical gears-shafts-bearings for the WTG, is built considering nonlinear factors of time-varying mesh stiffness, external varying load, and dynamic transmission error together. This model is confirmed to be right after comparing the theoretical data with the experimental load sharing values. Then, the effects of error excitation, sun gear center's initial position, and HSS gear position angle on the load sharing are analyzed. The dynamic characteristic of WTG is further understood by comparing the load sharing coefficient with the gear dynamic load factor. The result provides useful theoretical guideline for the design of parallel shaft gear system and adjusting load sharing in the WTG.
Modeling the wind turbine transmission system
The structure of WTG A typical 1.5 MW WTG is composed of a planetary stage and a helical stage, as is shown in Figure 1 . The planetary gear system includes three planet gears, a planet carrier, and a floating sun gear, which are represented by planet gears, carrier, and sun, respectively, in Figure 1 . The parallel helical stage is composed of four helical gears, among which Helical 1 (H1) is the helical gear on low-speed shaft (LSS), Helical 2 (H2) and Helical 3 (H3) are the helical gears on middle-speed shaft (MSS), Helical 4 (H4) is the helical gear on HSS. In the parallel stage, b n (n = 1, ., 4) represents the equivalent bearings supporting the corresponding gears. The transmitting process of load in this WTG is as follows: the input load is transmitted to the planetary carrier through the hub and spindle, the sun gear rotates and drive the sun gear to rotate, and the output load is from the HSS in the WTG transmission system. Figure 2 illustrates the side view of the transmission system, and the position angle of HSS c A is constituted by two planes, among which one plane is composed of LSS and MSS, and the other is composed of MSS and HSS. Figure 3 shows the static model of the planetary system proposed by Kahraman. 4 E j and b j represent the magnitude and the orientation of the manufacturing errors of j component, respectively; A j and g j represent magnitude and orientation of the installation errors of j component, respectively, j = c, s, p i , r; i = 1, 2, 3, c denotes the carrier, s denotes the sun gear, p i denotes the ith planet gears, and i is the number of the planet gears. The cumulative meshing error is the sum of all the errors along the meshing line. Then, e spi and e rpi represent the external cumulative meshing error and the internal cumulative meshing error, respectively, and they are
Static model
e rpi = À E r sin ( À v c t + b r À a r À u i ) + A r sin( À v c t + g r À a r À u i ) The displacement of center of the sun gear in x direction is denoted by x s , and the one in y direction is denoted by y s . Then, the floating of the sun gear is
In equation (3), c i represents the azimuth angle of the sun gear to the meshing line of the ith planet gear. Herein, the equivalent meshing error is the superposition of cumulative meshing error and floating error, and its expression is
u s and u pi , respectively, represent the corner of the sun gear and the corner of the ith planet gear caused by the elastic deformation of the gear pair and the support system. F spi is the contact force of the sun-planet meshes, and F rpi is the contact force of the ring-planet meshes. The expressions of F spi and F rpi are F spi = K sp (r bs u s À r bpi u pi À D spi ) ð5Þ
In equations (5) and (6), r bs and r bp represent the base circle radius of the sun gear and the planet gear, respectively.
Then, the static equilibrium equations of the planetary transmission system are
In equation (7), T a is the torque that acts on the sun gear.
According to the static equilibrium equation (7), the load sharing of the planetary system can be obtained with equation (8)
Dynamic model Equivalent dynamics model and equilibrium equations. The three-dimensional equivalent lumped mass model of WTG transmission system is shown in Figure 4 . As it is shown in Figure 4 , the system OXY is the fixed coordinate system, and the system O n § n h n is the moving Figure 4 . The coupled dynamic system of WTG transmission system.
coordinate system fixed on the nth planet gear. In the moving coordinate system, O n § n h n , O n is the theoretical center of the planet gear, § n is passed through the center of planet gear and the center of sun gear, and h n is passed through the center of sun gear and perpendicular to § n . In Figure 4 , x i , y i , u i , and z i (i = c, s) are the displacements of the sun gear or the carrier in x, y, torsional, and axial directions, respectively. § j , h j , u j , z j (j = c, s) are the displacement of the planet gear in radial, tangential, torsional, and axial directions, respectively. k cx and k sx are the support stiffness of the carrier and the sun gear in x direction, respectively. k cy and k sy are the support stiffness of carrier and sun gear in y direction, respectively. k cz and k sz are the support stiffness of carrier and sun gear in z direction, respectively. k su and k cu are the torsional stiffness of carrier and sun gear.
k pn § (n = 1, 2, 3), k pnh (n = 1, 2, 3), and k pnz (n = 1, 2, 3) are the support stiffness of planet gear in radial, tangential, and axial directions, respectively. k sn (n = 1, 2, 3) is the mesh stiffness between sun gear and planet gear. k rn (n = 1, 2, 3) is the mesh stiffness between ring and planet gear. k s1 is the coupled stiffness between sun gear and H1. x i , y i , u i , and z i (i = 1, 2, 3, 4) are the displacement of H1, H2, H3, and H4 in x, y, torsional, and axial directions, respectively. k 12 is the mesh stiffness between H1 and H2. k 34 is the mesh stiffness between H3 and H4. k ix (i = 1, 2, 3, 4), k iy (i = 1, 2, 3, 4), and k iz (i = 1, 2, 3, 4) are the support stiffness of H1, H2, H3, and H4 in x, y, and z directions, respectively.
We need to decompose the displacements along the meshing line when we calculate the dynamic meshing force of gear pair. It can be obtained from the relative displacement analysis of spur gear meshing model which is brought forward by Parker and colleagues. 28, 29 The relative displacement along the meshing line between sun gear and planet gear is
In equation (9), c n is the azimuth angle and a s is the pressure angle of sun gear. e sn (e sn = e spi ) is the transmission error. However, since all the gears are helical gears in our model, the relative displacement of sun-planet in helical model is revised as
In equation (10), b b = arctan (tan b cosa t ), a t is the transverse pressure angle, b is the helical angle, and b b is the base helix angle. Accordingly, the relative displacements along the meshing line of other components are
( À x s sin c sn + y s cosc sn À § n sin a s À h n cos a s + u s + u pn + e sn )
( À x r sin c rn + y r cosc rn À § n sin a r + h n cos a r + u r À u pn + e sn ) cos b b d nr = x c cos c n + y c sin c n À § n d nt = À x c sin c n + y c cos c n + u c À h n
In equation (11), d 0 rn is the relative displacement along the meshing line between the ring and the planet gear, d rn is the relative displacement under the spur gear model, d nr and d nt are the radial projection and the tangential projection of carrier on the planet respectively, d 0 12 is the relative displacement along the meshing line between Hl and H2, and d 0 34 is the relative displacement along the meshing line between H3 and H4.
The equations of motion for the carrier, the sun gear, the planet gears, and the helical gears (H1, H2, H3, and H4) are formulated as follows.
The equation of motion for the carrier is
The equation of motion for the sun gear is
The equation of motion for the planet gear is
Helical gear, H1, is coupled with sun gear, and the equation of motion is
Helical gears, H2 and H3, are assembled on the same shaft, and the equation of motion is
The equation of motion for the helical gear, H3, is
The equation of motion for the helical gear, H4 is
All the equations from equations (12) to (18) constitute the differential equations of motion for the WTG transmission system, and we can shift the equations into a matrix form, which is represented in equation (19) M€
There are 36 DOFs in these matrixes. In equation (19) , M is the mass matrix, G is the gyro matrix, K b is the bearing support stiffness matrix, K O is the centripetal matrix, K m is the mesh stiffness matrix, F is the inner excitation force vector, T is the external excitation force vector, and q is the generalized freedom of the system, which is also described as
Excitation analysis.
(1) Time-varying mesh stiffness excitation. Time-varying mesh stiffness excitation [30] [31] [32] [33] [34] is a dynamic excitation to the gear system caused by the alternate appearance of single tooth and multiple teeth in the mesh procedure. It results in the periodical change of mesh stiffness and gear load. In order to obtain precision results, we adopt a 7-term Fourier expansion to depict the time-varying mesh stiffness excitation, k(t), and it is
(a n cos (nvt) + b n sin (nvt)) ð21Þ
In equation (21), k m is the mean mesh stiffness, v is the mesh frequency, v = pnz=30, and n and z are the gear rotation speed and the teeth number, respectively.
(2) External excitation. External excitation at the input terminal, T in , is caused by the wind varying speed, and it is composed of the mean component, T in_m , and the varying component, DT in , and it is computed by
where r is the air density, R is the wind wheel radius, l is the tip ratio, v is the excited frequency of wind wheel, C T (l) is the torsion coefficient under l, v a is the wind speed amplitude, and v m is the mean wind speed.
The external excitation at the output terminal is defined by
where P is the rated power; T a is the torsion amplitude; and n, v, and u are the rotor speed, the frequency, and the phase, respectively.
(3) Error excitation.
We consider the error excitation in a simple way; as a result, the expression of error excitation in the form of trigonometric function is e jn (t) = e 0 + e a sin (vt + u) (j = s, r)
where e 0 is the average error and e a is the amplitude error.
Dynamic load sharing and gear dynamic load factor
In the equilibrium equations from (12) to (18), we suppose that the dynamic force between the planet gear and the sun gear is f spn , and f rpn is the dynamic force between the planet and the ring, and these two forces can be obtained from
We adopt a numerical method to solve these equations. First, we have to calculate the load sharing in every cycle of the teeth frequency with equation (26)
In equation (26), n = 1, 2, ., N, N is the number of the planet gears, j = 1, 2, ., n 1 , k = 1, 2, ., n 2 , and n 1 and n 2 are the cycle numbers of teeth frequency in external mesh and inner mesh, respectively. Then, we can define the load sharing in the whole cycle as
In equation (27), B spn is the load sharing between the planet gear and the sun gear, and B rpn is the load sharing between the planet gear and the ring. The gear dynamic load factor, K v , is a factor considering the effect of the manufacturing accuracy and the operation speed on the gear that could generate additional load. It is an important index to weigh the dynamic performance of the system. Its value reflects the maximum load that gear can bear during meshing. The gear pair's K v is
In equation (28), F t is the tangential load of a gear pair. However, load sharing is a parameter to weigh the ability to split load equally from the main shaft. The gear dynamic load factor is also used to evaluate the dynamic performance of gears. From the concept of sharing load, load sharing and gear dynamic load factor are the same, and their difference comes from the objects they describe. If we use the dynamic load factor to express load sharing, it will be B p = max (K vpi ), i = 1, 2, . . . , n ð29Þ
Results and discussion

Computational load sharing and experimental load sharing
To illustrate the models and the methods proposed in the above sections, herein, we apply them to investigate the loading sharing characteristics of a specific 1.5 MW WTG. The parameters of this WTG are as follows. Rated power, P, is 1.5 MW, the number of the planet gears is 3, the input rotating speed of planet carrier, v, is 19 r/min, the pressure angle of gears, a, is 20°, and the position angle of HSS c A = 68:578. Other relevant parameters are shown in Table 1 .
With the data listed in Table 1 , the static loading sharing, shown in Figure 5 , is obtained from the static equilibrium equations. As it is shown in Figure 5 , the static load sharing of the 1.5 WM WTG transmission system is 1.1875. Figure 6 shows the dynamic load sharing of external meshing, and its average value is 1.0903, while the internal dynamic load sharing is shown in Figure 7 , the value is 1.0925. Therefore, dynamic load sharing of the transmission system is 1.0925.
Experimental load sharing is obtained under different torques, and the results 35 are shown in Table 2 . We can see that the load sharing of the studied WTG transmission system is in the range of 1.02-1.08. For the torques, 880 kN m is the rated input torque, and the load sharing is 1.08 under this torque.
Comparing the dynamic simulation result with the experimental load sharing obtained under the rated inputting torque, we can find that the error is 1.897%. This result shows that the dynamic simulation and the experimental result are in good fitting, which indicates the validity of the proposed models and methods. Error excitation (mm) e 0 = 0.063; e a = 0.031 Figure 5 . Static load sharing. Figure 6 . Dynamic load sharing of external meshing. However, the error of static load sharing and experimental load sharing is 9.95%. The error difference shows that the dynamic load sharing is closer to the actual experimental values, while static, the load sharing is more conservative to evaluate the system. In order to get the most uneven situation of the synthetic meshing errors, we define the phase angles of the planet gear errors to be the value when their positions are parallel to the meshing lines, 33 and then the solving results of static equations become bigger than the ones they should be. To deeply understand the load sharing capacity of the 1.5 MW WTG, we will investigate how the error excitation, the position of the sun gear center and the HSS position angle affect the dynamic load sharing in the following three subsections with the methods proposed in sections ''Modeling the wind turbine transmission system'' and ''Dynamic load sharing and gear dynamic load factor.''
Effect of error excitation on the dynamic load sharing
The error excitation is one of the most important factors affecting the disequilibrium of planet load distribution. We will explore the effect of error excitation on the dynamic load sharing of the 1.5 MW WTG transmission system in this section. As it is displayed in equation (4), the error excitation is composed of the average error and the amplitude error. Therefore, we investigate their influence on the dynamic load sharing of the WTG separately.
First, we observe how dynamic load sharing varies with the change of average error if the value of amplitude error is kept constant. Herein, five different values of amplitude error, 0.2, 0.1, 0.05, 0.031, and 0.01, are chosen to investigate this phenomenon. The curve plotted in Figure 8 shows that the dynamic load sharing is linearly increased as the average error goes up. Besides, a bigger amplitude error makes a smaller dynamic load sharing, which is also shown in Figure 8(b) .
Then, the effect of amplitude error on the dynamic load sharing under five different values of average error, 0.2, 0.1, 0.063, 0.01, and 0.005, is investigated. In Figure 9 , we can see that the dynamic load sharing changes slightly at the range, 0 e a 1 mm, although it decreases at first, and then it increases after reaching a lowest trough value. Therefore, we can finally find a reasonable amplitude error within this range to make the dynamic load sharing minimum. However, the dynamic load sharing increases obviously when the amplitude error, e a , is bigger than 1 mm, and also it will be linearly increased when the amplitude error reaches a specific value.
The results shown in Figures 8 and 9 reveal that the dynamic load sharing is determined by both the average error and the amplitude error. The smaller the average error is, the more stable the system will be. And also, increasing the amplitude error could decrease the dynamic load sharing of the WTG at a certain degree, although the risk of harmful effect on the system will increase if the amplitude error exceeds this value. Therefore, when we manufacture and assemble the WTG, we should keep the average error and the amplitude error as smaller as possible.
Effect of sun gear's initial position on the dynamic load sharing
In the planetary system, the planet gears rotate around the axis of sun gear besides their own rotations. The error azimuth angle of planet gear changes as its position varies. Therefore, the center position of sun gear also changes due to the variation in the position angle and the error azimuth angle of planet gear. Figure 10 illustrates the static trajectory of sun gear center in the WTG, and there is a hollow area in it. Figure 11 shows the static trajectory of sun gear center without considering the effect of ring's manufacturing error and assembly error. Obviously, there is no hollow area in it. The difference shows that when WTG operates, the manufacturing error and the assembly error of the ring will cause the actual initial position of sun gear center to displace from its ideal rotating axis. This displacement will result in the variance of the load sharing capacity.
In order to analyze the effect of sun gear's initial position on the dynamic load sharing, we define the position point of sun gear center (the coordinate value of sun gear center) as the initial value of solving the dynamic equations. Then, we can observe and record the dynamic load sharing under different position points of sun gear center. The initial coordinate values of the system are q = 0, q = ½0, . . . , x s , y s , 0, 0, . . . , 0 T Figure 11 . The trajectory of sun gear center without the ring error.
(the coordinate values of other components are set to be 0). For the convenience of comparison, we set the points to be x series and y series according to Figure 12 . Prismatic dots stand for the coordinate points of x series, while round spots stand for the coordinate points of y series. We investigate the variation in dynamic load sharing with the change in the longitudinal coordinate, y, at the given values of x, which are 0, 0.05, and 0.1, recording the tangential coordinates and the normal coordinates of planet gear. Similarly, we record the load sharing, the tangential coordinates, and normal coordinates of planet gear when the sun gear horizontal coordinate changes on the condition that y is set at 20.08, 20.04, 0, and 0.04. With the above-mentioned process, the load sharing of x series and y series is plotted in Figure 13 . It can be found that the load sharing changes slightly, and its value fluctuates around 1.0925. We round it to be 1.09 in the following context. Meanwhile, the tangential coordinates and normal coordinates of planet gear (only the data of one planet gear are given here) on x = 0 series and y = 0.04 series are shown in Figure  14 (a) and (b), respectively. As it is shown in Figure 14 , both the tangential coordinates and the normal coordinates of planet gear increase or go down at the same time, and the change is linear.
According to equations (27)- (29) , the load sharing of the WTG transmission system, B, can be expressed as
where x r = 0, y r = 0, u r = 0, u pn is almost 0, so we can neglect it, and e sn keeps constant. Then, the load sharing is determined mainly by the tangential coordinates and the normal coordinates of planet gear.
Assuming that the increment of tangential coordinates is e 1 , the increment of normal coordinates is e 2 , and the increment step is h, we can obtain À § n sin a r + h n cos a r = À § n sin a r + h n cos a r ð Þ + h Àe 1 sin a r + e 2 cos a r ð Þ ð 31Þ
The increments of the tangential and normal coordinates of planet gear at given x series and y series are listed in Table 3 . It can be seen that the order of magnitude of Àe 1 sin a r + e 2 cos a r ð Þ =F t is 10 25 , and the maximum value of increment step is 0.1884. Therefore, its contribution to the load sharing, B, is very small, practically negligible, which means that the load sharing keeps almost constant no matter how the initial coordinates of sun gear center changes within the initial area range. The data listed in Table 3 also show that the value of Àe 1 sin a r + e 2 cos a r approaches zero, and the load sharing is almost the same. These results reveal that the load sharing of WTG has nothing to do with the initial distribution of the planet gears. That is to say, the load sharing is determined by the construction of WTG. Therefore, the candidate methods to reduce the load sharing of WTG include adjusting the structure of WTG, controlling the manufacturing errors of gears, or shaving the tooth form to improve the gear stiffness. Obviously, the latter two ones are more feasible.
The above analysis is based on a fact that the initial position of the sun gear center varies within the range of the trajectory of sun gear center. To obtain more convincing results, now we study how the load sharing reacts when the initial value of sun gear center is out of the range shown in Figure 12 , taking x = 0 series, y = 0 series, and x = y series as examples. The longitudinal coordinate will expand to 100 mm under x = 0 series, the horizontal coordinate will expand to 100 mm under y = 0 series, and the longitudinal coordinate and the horizontal coordinate both will expand to 100 mm together under x = y series. The results in Figure 15 show that the load sharing rises when the absolute value of the coordinate increases, in other words, the further the center of sun gear is from the original point, the bigger the load sharing will be. Therefore, it can be concluded that the dynamic load sharing of WTG will keep stable if the misalignment of sun gear is limited within a proper range. These results are also feasible for other types of WTG.
Effect of HSS position angle on the dynamic load sharing
HSS is an important component of the WTG transmission system, and the output performance of this system is determined by its dynamic characteristics. In this subsection, we will compute the load sharing and the gear dynamic load factor and investigate the effect of HSS position angle on them.
According to equations (19) and (28) , the gear dynamic load factors of MSS and HSS are shown in Figures 16 and 17 , respectively. The results show that the two factors are both time-varying and their maximum values are different. Herein, the maximum values are defined as the final value of dynamic load factors; therefore, the dynamic load factor of MSS gear is 1.233, and the dynamic load factor of HSS gear is 1.393. In order to study how the HSS position angle influences the load sharing and the gear dynamic load factor in the WTG system, we adopt the position angle from 220°, 0°, 20°, 40°, . . . , to 340°with the increment of 20°per step. Then, the angles are substituted in the relative equations, and the computing results are illustrated by Figures 18 and 19 .
As it is shown in Figure 18 , the value of load sharing is almost kept at 1.0925 when the HSS position angle increases from 0°to 300°. We can conclude that load sharing is not influenced by HSS position angle. Among MSS gear dynamic load factor, HSS gear dynamic load factor, and load sharing of the WTG system, the value of HSS gear dynamic load factor is the biggest and load sharing is the smallest. It shows that the stability and life span of the WTG system can be improved if we can lower the dynamic load factor of HSS gear.
As it is shown in Figure 19 , the dynamic load factor of HSS gear varies dramatically with the increase in HSS position angle. The dynamic load factor decreases slightly when the position angle changes from 220°to 60°, and then it increases until the position angle is 120°. After that, it decreases to a certain value and climbs smoothly when the angle varies from 140°to 240°. However, it changes dramatically at the range from 260°to 320°, and this sharp fluctuation means that the change of position angle of HSS gear will exert a big impact to the dynamic characteristics of the WTG transmission system. The value of gear dynamic load factor is determined by (x 4 À x 3 ) and (y 3 À y 4 ) according to the load factor expression and the relative displacement along the meshing line on H3-H4. The relative displacements at x direction and y direction are displayed in Figure 20 . The relative displacement at x direction decreases when the position angle climbs up from 220°to 60°, and its value is bigger than the one at y direction, while the relative displacement at y direction goes up gently with the increase in position angle. This phenomenon illustrates that the relative displacement at x direction is the main factor which determines the trend of load factor, so the load factor decreases. The relative displacements at x direction and y direction both increase if the position angle changes from 60°to 80°, and the load factor also increases. At the range of 100°to 120°of position angle, the relative displacement at y direction becomes the main factor that decides the trend of load factor because its value is bigger than the one at x direction, therefore the load factor increases with the position angle. However, when the position angle changes from 140°to 240°, the relative displacement at x direction decreases, while the relative displacement at y direction increases. The relative displacement at x direction and y direction both increase rapidly so that the load factor increases dramatically when position angle rises between 260°and 320°.
The analyzing results from Figures 16-20 show that HSS position angle has a big influence on the gear dynamic load factor. If the position angle is chosen inappropriately, it will cause the instability and unexpected impact of the WTG and then result in the failure of gears in advance. To obtain lower HSS gear dynamic load factor, the HSS position angle should be chosen between 220°and 80°in this 1.5 MW WTG system. Generally speaking, when we design a WTG, we should choose the HSS position angle properly to ensure the stability and the life span of the gear transmission system composed of several gear stages in the wind turbine.
Conclusion
In this study, a dynamic model of WTG with planetary system is established to investigate the theoretical load sharing of WTG transmission system, and the analytical solutions are validated by the numerical and experimental load sharing results of a 1.5 MW WTG system. In addition, the effect of the error excitation, the sun gear center's initial position, and the HSS position angle on the load sharing characteristics of WTG are analyzed. Based on the results presented in the above sections, the following conclusions can be drawn.
First, the static load sharing is a bit conservative to evaluate the planetary transmission system, while the dynamic load sharing is more effective to evaluate the dynamic performance of WTG.
Then, the load sharing is determined by both the average error and the amplitude error. The smaller the average error is, the more helpful the system will be. Besides, increasing the amplitude error could decrease the load sharing of the WTG to a certain extent.
Furthermore, the load sharing of the WTG system cannot be changed no matter how we change the initial distribution of the planet gears, which means that this parameter is determined by the construction of WTG. Therefore, we can cut down the value of this parameter within the zone of reasonableness by adjusting the floating structure and controlling the component errors in the WTG, such as shaving the gear teeth or improving the gear stiffness.
Finally, the load sharing is not influenced by the HSS position angle, while the HSS gear dynamic load factor is greatly influenced by this parameter. If the HSS position angle is chosen properly, it will effectively decrease the HSS gear dynamic load factor, and then the stability and life span of the WTG system can be improved and vice versa.
